We tested the effect of chronic leptin treatment on fasting-induced torpor in leptin-deficient A-ZIP͞F-1 and ob͞ob mice. A-ZIP͞F-1 mice have virtually no white adipose tissue and low leptin levels, whereas ob͞ob mice have an abundance of fat but no leptin. These two models allowed us to examine the roles of adipose tissue and leptin in the regulation of entry into torpor. Torpor is a short-term hibernation-like state that allows conservation of metabolic fuels. We first characterized the A-ZIP͞F-1 animals, which have a 10-fold reduction in total body triglyceride stores. Upon fasting, A-ZIP͞F-1 mice develop a lower metabolic rate and decreased plasma glucose, insulin, and triglyceride levels, with no increase in free fatty acids or ␤-hydroxybutyrate. Unlike control mice, by 24 hr of fasting, they have nearly exhausted their triglycerides and are catabolizing protein. To conserve energy supplies during fasting, A-ZIP͞F-1 (but not control) mice entered deep torpor, with a minimum core body temperature of 24°C, 2°C above ambient. In ob͞ob mice, fasting-induced torpor was completely reversed by leptin treatment. In contrast, neither leptin nor thyroid hormone prevented torpor in A-ZIP͞F-1 mice. These data suggest that there are at least two signals for entry into torpor in mice, a low leptin level and another signal that is independent of leptin and thyroid hormone levels. Studying rodent torpor provides insight into human torpor-like states such as near drowning in cold water and induced hypothermia for surgery.
L
iving organisms must cope with food scarcity. The capabilities to store excess fuel and regulate energy expenditure were thus crucial evolutionary adaptations. In higher organisms, white adipocytes store triglycerides that are burned during fasting and starvation (1, 2) . These adipocyte triglycerides account for the vast majority of the body's fuel reserves (3) .
Adipose tissues also contribute to energy homeostasis in an endocrine͞paracrine manner. Leptin is secreted by adipocytes in direct proportion to body fat mass and regulates energy expenditure, metabolic efficiency, and food intake (4) (5) (6) . Leptin binds to receptors in the hypothalamus and other sites and conveys the size of adipose tissue lipid stores. Adipocytes also make additional hormones, including tumor necrosis factor ␣, which affects insulin sensitivity (7, 8) . Thus it is clear that adipose tissues contribute to energy metabolism in two ways, as a metabolic regulator and fuel depot.
To analyze the physiologic roles of fat, we generated a transgenic mouse, named A-ZIP͞F-1, which has virtually no white adipose tissue and a reduced amount of brown adipose tissue (9) . These mice express, selectively in adipose tissue, a dominant negative protein that heterodimerizes with certain basic leucine zipper transcription factors. The A-ZIP͞F-1 phenotype strikingly resembles that of humans with severe lipoatrophic diabetes mellitus, a disease characterized by reduced amounts of adipose tissue, insulin resistance, hyperlipidemia, fatty liver, and organomegaly (10, 11) . Transgenic mice similar to the A-ZIP͞F-1 line, but with less severe phenotypes, resulted from adipose expression of a modified diphtheria toxin (12, 13) or a constitutively active SREBP-1c protein (14) .
The ob͞ob mouse is another tool for studying the physiology of adipose tissue. These mice have a mutation in the leptin gene, resulting in early-onset obesity and insulin resistance (4, 15) . Although leptin has received much attention for its antiobesity properties, leptin may be more important for adaptation to starvation (5, 6, 16) . The ob͞ob mice provide an important contrast to the A-ZIP͞F-1 mice: both have low leptin levels, but the ob͞ob mice have massive triglyceride stores, whereas the A-ZIP͞F-1 animals have very low energy reserves.
In the present study, we first characterized the metabolic response to fasting in A-ZIP͞F-1 mice. These experiments revealed that A-ZIP͞F-1 mice use torpor as a major adaptive mechanism during fasting. This discovery led us to examine the role of leptin in regulating the onset of torpor. Using A-ZIP͞F-1 and ob͞ob mice, we present evidence for at least two signals for entry into torpor. One is a low leptin level, and the other signal is independent of leptin level.
Methods

Mice.
A-ZIP͞F-1 mice were hemizygous on the FVB͞N background. Male C57BL͞6J and C57BL͞6J lep ob ͞lep ob mice (15) were purchased from The Jackson Laboratory. Wild-type mice were sex-matched littermates of the A-ZIP͞F-1 and ob͞ob mice. Mice were kept on a 12-hr light-dark cycle with lights on at 6:00 a.m. Rodent laboratory chow (NIH-07; 5% fat by weight) and drinking water were provided ad libitum except during fasting when only drinking water was available.
Biotelemetry. Core body temperature (T b ) was continuously monitored in conscious, unrestrained animals by using a VitalView system (Mini-Mitter, Sunriver, OR). Briefly, each animal was anesthetized with halothane and a temperature-sensitive transmitter (PDT-4000) was implanted intra-abdominally. The signal emitted by the transmitter is received and then converted into temperature by the VitalView software. Mice were allowed to recover Ͼ7 days after implantation; typically a normal T b circadian rhythm was re-established 1-2 days after implantation. T b values were measured each sec and collected as 5-min averages. During temperature measurement mice were individ-ually housed in standard barrier plastic cages at room temperature or at 30 Ϯ 1°C, as indicated.
Leptin Infusion. For continuous delivery of recombinant mouse leptin (R & D Systems), osmotic mini-pumps (model 2001; Alza) were implanted s.c. These pumps delivered leptin at 30 g͞day for 7 days. Control mice were infused with sterile saline. This dose increased plasma leptin levels by 3-14 ng͞ml. In control mice it reduced epididymal fat pad weights from 251 Ϯ 41 mg to 81 Ϯ 49 mg.
Fasting. Measurement of blood chemistries during the fasting time course was conducted with two groups of mice. Group A was used for measurements in the fed state and at 2 and 6 hr of fasting while group B was used for the 4-, 12-, and 24-hr points. The 2-, 4-, 6-, 12-, and 24-hr fasts started at 11 a.m., 11 a.m., 8 a.m., 8 p.m., and 11 a.m., respectively. Approximately 200 l of tail venous blood was withdrawn each time, with 5-7 days between bleedings. Body weights were measured before and after each fast. Quantitatively similar results to those reported herein were obtained in an independent replicate experiment.
For biotelemetry experiments, 3-month-old male mice were fasted starting at 10:30 a.m. on day 5 of leptin treatment. Mice were refed on day 6 and sacrificed on day 7 for the collection of retro-orbital sinus blood and organ harvest. There were no deaths during 24-hr fasting in control mice (0͞42) and a 15% death rate (6͞40) in the A-ZIP͞F-1 mice.
Indirect Calorimetry. Oxygen consumption and carbon dioxide production were measured by using a four-chamber Oxymax system (Columbus Instruments, Columbus, OH), with one mouse per chamber. Transgenic mice were tested simultaneously with controls. Motor activity (total and ambulating) was determined by IR beam interruption (Opto-Varimex mini, Columbus Instruments). Resting oxygen consumption was calculated as the average of the points with less than six ambulating beam breaks per min, omitting the first hour of the experiment. Oxygen consumption data were normalized to (body weight) 0.75 (17, 18) , although mice of similar weight were used within each experiment. The effect of leptin was measured during day 5 of leptin infusion.
Biochemical Assays. Glucose was measured by using a Glucometer Elite (Bayer, Elkhart, IN). Insulin (Linco Research Immunoassay, St. Charles, MO, #SRI-13K), testosterone (DPC, Los Angeles, CA), corticosterone (ICN), and T3, T4, and thyroid stimulating hormone (19) were measured by RIA. Triglycerides and glycerol (Sigma, 339-11), free fatty acids (FFA) (Boehringer Mannheim, 1383175), ␤-hydroxybutyrate (Boehringer Mannheim, 907979), and blood urea nitrogen (Sigma, 640) were assayed by using the indicated kits. Tissue triglyceride content (20) was measured in liver and carcass (minus gastrointestinal tract and liver) after digestion in ethanolic KOH by using a radiometric assay for glycerol (21, 22) with 885 g͞mol as the triglyceride molecular weight. No correction was made for glycerol from nontriglyceride sources. Glycogen was measured by using a radiometric assay for glucose after amyloglucosidase digestion, with correction for nonglycogen glucose (21) .
Statistical Analysis. Values are reported as means Ϯ SEM. For blood chemistry data, statistical significance was determined by using t test (paired or unpaired, as appropriate) or ANOVA with Tukey pair-wise tests using SIGMASTAT. T b , body weight, and food intake were analyzed by t test or ANOVA followed by Scheffe's pair-wise comparisons to test for statistical differences among groups at individual time points. Two-tailed differences were considered significant at P Ͻ 0.05.
Results
Quantitation of the Fuel Deficiency in A-ZIP͞F-1 Mice. To understand energy homeostasis in A-ZIP͞F-1 mice, we quantitated their energy reserves. In 28-week-old males, total body triglycerides were reduced Ϸ10-fold (Fig. 1A) . Extrahepatic triglycerides were reduced 20-fold, whereas hepatic triglycerides increased 11-fold relative to wild-type levels. Normally, triglyceride is the predominant form of stored energy, but some also is stored as glycogen. We measured glycogen levels to determine whether they were increased. Total liver glycogen was 3.8-fold elevated in the A-ZIP͞F-1 mice whereas muscle glycogen was not changed ( Fig.  1 B and C) . Glycogen accounts for 6.8% of the estimated triglyceride ϩ glycogen stores in fed A-ZIP͞F-1 mice. This increase is 26-fold over the 0.28% in the wild-type mice, but does not adequately compensate for the triglyceride energy deficit of the A-ZIP͞F-1 mice. Because the resting metabolic rate of wild-type FVB͞N mice is Ϸ12 kcal͞day (O.G., unpublished work), the magnitude of the triglyceride ϩ glycogen fuel reduction in the A-ZIP͞F-1 mice is staggering (87.5 vs. 8.9 kcal͞mouse, Fig. 1D ).
A-ZIP͞F-1 Mice Adapt to Fasting at an Accelerated Rate. The fuel deficit of the A-ZIP͞F-1 mice should affect their metabolic response to fasting, and this was demonstrated in preliminary experiments (9) . We examined adaptation to fasting in more detail. Weight loss was more rapid in the A-ZIP͞F-1 mice compared with littermate controls (Fig. 2A) . Initially the plasma glucose was markedly elevated in A-ZIP͞F-1 mice, but by 2 hr after food removal it was 67% decreased and comparable to (or just slightly higher than) control mice (Fig. 2B) . Baseline insulin and triglyceride levels were 114-fold and 3.4-fold higher in the A-ZIP͞F-1 mice and fell more rapidly than in the controls ( Fig.  2 C and D) . FFA concentrations initially were elevated, but did not rise further in A-ZIP͞F-1 mice, unlike the controls (Fig. 2E) .
By 24 hr of fasting, the A-ZIP͞F-1 mice had lost more weight and had lower triglyceride and FFA levels than control mice. Glucose levels were comparable, whereas insulin levels dropped more in the A-ZIP͞F-1 mice (150-fold vs. 8-fold), but were still higher than the controls, suggesting that the mice are still somewhat insulin resistant. The level of plasma ␤-hydroxybutyrate increased 21-fold with a 24-hr fast in the wild-type mice but changed Ͻ2-fold in the A-ZIP͞F-1 animals (not shown). Urea is a waste product of protein catabolism. By 24 hr of fasting, the A-ZIP͞F-1 mice had a 2.5-fold elevated blood urea, compared with no change in the controls (Fig. 2F) .
We were interested in whether or not the stored fuels in A-ZIP͞F-1 mice could be mobilized. Livers of A-ZIP͞F-1 mice lost more weight with fasting than did controls (controls went from 1.09 Ϯ 0.07 to 0.81 Ϯ 0.05 g, whereas A-ZIP͞F-1 went from 2.16 Ϯ 0.26 to 0.95 Ϯ 0.18 g), suggesting that hepatic lipid and glycogen were indeed catabolized. Next, fuel stores were measured directly. After a 24-hr fast, hepatic triglyceride dropped by 95% in A-ZIP͞F-1 mice (from 149 Ϯ 11 to 7.8 Ϯ 1.6 mol͞liv-er). Liver glycogen was used to the point of exhaustion (down 99.5%), whereas muscle glycogen was depleted in A-ZIP͞F-1 mice to a greater extent than in controls (depleted 89% vs. 57%; Fig. 1 B and C) . Thus the triglyceride and glycogen in A-ZIP͞F-1 mice are available and are used during fasting.
The above results support the following scenario. Because of the lack of white adipose tissue, the A-ZIP͞F-1 mice exhaust their triglyceride stores during a 24-hr fast. The FFA levels fall because they cannot be replenished and ketone body levels do not rise, possibly because of the low FFA. Notably, the A-ZIP͞F-1 glucose levels are preserved and remain comparable to the controls for the duration of the fast, demonstrating that these mice maintain their blood glucose concentration for at least 24 hr. To do this, the mice catabolize protein, releasing amino acids that are used for gluconeogenesis.
Metabolic Rate in Fasting A-ZIP͞F-1 Mice. Metabolic rate decreases with fasting (23) . We used indirect calorimetry to determine how rapidly this occurs in the A-ZIP͞F-1 mice. The fed resting oxygen consumption was slightly lower in A-ZIP͞F-1 mice than in controls (Fig. 3) . A short (5 hr) fast had no effect in control mice, but caused a 30% reduction in oxygen consumption in the A-ZIP͞F-1 mice (Fig. 3) . Because A-ZIP͞F-1 mice have a low serum leptin level (9), we infused leptin to see whether it prevented this reduction. Leptin had no effect on metabolic rate in the A-ZIP͞F-1 mice, either in the fed or fasted state (not shown). In summary, fasting in A-ZIP͞F-1 mice causes a greater decrease in metabolic rate.
Endocrine Status of Fed and Fasting A-ZIP͞F-1 Mice. Endocrine adaptations to fasting include down-regulation of reproductive and thyroid function and increased glucocorticoid production (16) . Testosterone levels and testis weight were used as acute and chronic measures of gonadal axis status. Both were reduced in A-ZIP͞F-1 mice as compared with wild-type mice, and 24-hr fasting lowered testosterone in wild-type mice to the level of the A-ZIP͞F-1 animals ( Table 1 ). Corticosterone was elevated in A-ZIP͞F-1 mice and did not increase further with fasting, whereas fasting did cause an increase in wild-type animals ( Table  1) . These data are consistent with the A-ZIP͞F-1 mice being chronically ill. The thyroid axis is the major regulator of basal metabolic rate. Thyroid function tests were the same in fed A-ZIP͞F-1 mice as in controls (Table 1) . With fasting, T3 decreased equally in A-ZIP͞F-1 and littermate mice. T4 did not decrease in fasted A-ZIP͞F-1 mice. No significant changes in thyroid stimulating hormone were detected. Thus, augmented down-regulation of the thyroid axis does not explain either the reduced resting metabolism or the rapid metabolic adaptation to fasting in the A-ZIP͞F-1 mice.
A-ZIP͞F-1 Mice Enter Torpor When Fasted.
In small mammals, a large percentage of the metabolic rate goes toward maintaining T b (24, 25) . Thus, A-ZIP͞F-1 mice could conserve fuel by lowering their T b . We used telemetry to measure T b while avoiding the stress of handling. At room temperature, the A-ZIP͞F-1 mice had the same T b and circadian rhythm as control mice. Fasting wild-type mice lowered their T b by 4°C, which rapidly normalized with refeeding (Fig. 4) . Fasted A-ZIP͞F-1 mice showed a more rapid and greater drop, falling 13°C and reaching 2°C above the ambient temperature (Fig. 4) . Similar results were observed with mice of both sexes ranging in age from 2 to 7 months. The A-ZIP͞F-1 mice enter deep torpor, which is a hibernation-like state characterized by inactivity, a lowered T b , and a low metabolic rate. Three conditions are thought to be needed for torpor: a quiet environment, reduced food availability, and a low ambient temperature (26) . Given the severe fast, room temperature is sufficiently cool for A-ZIP͞F-1 mice to enter torpor; however, mice housed at 30°C did not go into torpor (not shown). A quiet environment also is needed. For example, in the experiment shown in Fig. 4 , the A-ZIP͞F-1 mice began coming out of torpor because of activity in the room 2 hr before they were refed.
Recovery from torpor is a coordinated multitissue process in which brown adipose tissue (BAT) is thought to have a major role. Because A-ZIP͞F-1 mice have diminished amounts of BAT, appearing inactive histologically, we examined the rate of rewarming. The maximum rate of increase in T b of the A-ZIP͞F-1 mice was 0.57°C͞min, which compares with Ϸ0.4°C͞min reported for C57BL͞6 mice (27) . Thus it appears that rewarming from the torpid state is not impaired in the A-ZIP͞F-1 mice and that tissues besides BAT contribute to rewarming.
Leptin Does Not Prevent Fasted A-ZIP͞F-1 Mice From Entering Torpor.
The molecular signals that instruct an animal to enter torpor are not known. Treatment of A-ZIP͞F-1 mice with T3 (2 g͞g i.p. Fig. 3 . Decreased resting metabolic rate in fasting A-ZIP͞F-1 mice. Female mice (23-27 weeks old, n ϭ 5) were fasted at 22°C. Oxygen consumption was measured from 3 to 5 hr after the start of the fast (10 a.m.). Fed data were obtained by using the same animals at the same time of the day a week later. The difference between wild type (WT) and A-ZIP͞F-1 was significant in the fed (P ϭ 0.045) and fasted (P Ͻ 0.001) states; the drop with fasting was significant for the A-ZIP͞F-1 (P ϭ 0.001) but not control mice. Weights of the A-ZIP͞F-1 and control mice were not different. daily for 4 days, last dose at food removal) or CL316243 (28), a ␤3-adrenergic agonist (1 g͞g i.p. once at food removal) did not prevent fasting-induced torpor (not shown). Another possible signal is a low circulating leptin level. In support of this hypothesis, ob͞ob mice enter torpor during fasting (27, 29) (Fig. 5) . Conversely, high leptin levels might be predicted to prevent torpor. Indeed, upon leptin replacement, ob͞ob mice did not go into torpor (Fig. 5) . Thus, a low leptin level is one signal for entering torpor. In comparison to the ob͞ob mice with their low leptin but ample energy stores, the A-ZIP͞F-1 mice have both low leptin levels and low energy stores. Upon fasting, leptin-treated A-ZIP͞F-1 mice entered torpor indistinguishably from salinetreated A-ZIP͞F-1 mice (T b dropped 14.3°C in saline-treated and 14.1°C in leptin-treated). Thus, although a low leptin level typically will occur under conditions conducive to torpor, this experiment demonstrates that it is not the sole signal for entry into torpor.
Discussion
A-ZIP͞F-1 Mice Respond Rapidly to Fasting. The concept that fat is the major fuel source during fasting is old and established, yet has been difficult to study directly. Metabolic adaptations to fasting include changes in fuel usage, increased metabolic efficiency, and minimization of energy expenditure. The A-ZIP͞F-1 mice, having a 10-fold reduction in triglyceride content, are a useful model system for studying the contributions of white adipose tissue to these adaptations.
In A-ZIP͞F-1 mice, plasma glucose drops within 2 hr of fasting from the diabetic to the normal range. The plasma FFA concentration initially fails to rise and then falls, which we attribute to the lack of normal triglyceride stores. The accumulated hepatic lipid was mobilizable and was exhausted by 24 hr of fasting. Liver glycogen is metabolized before muscle glycogen, but in fasted A-ZIP͞F-1 mice both sources are depleted. By 24 hr of fasting, the A-ZIP͞F-1 mice are catabolizing protein to provide energy, which can no longer be supplied from triglyceride or glycogen stores. A-ZIP͞F-1 mice down-regulate their metabolic rate early in fasting and then go into deep torpor to conserve energy. Taken together, these adaptations illustrate the severity of the energy deficit and the intactness of regulatory loops in the A-ZIP͞F-1 mice, resulting in an accelerated metabolic response to fasting.
Leptin and Torpor. Torpor is a state of physical inactivity, reduced T b , and reduced metabolic expenditure. Some birds and small mammals routinely use daily torpor to conserve energy, although the drop in T b may be only a few degrees. Seasonal hibernation is a state of deep torpor lasting days to even months in which the T b falls severely (e.g., to Ϸ1°C over ambient, when ambient is in the 5-15°C range) and metabolic rate drops by 90%. Mice and other very small mammals do not use hibernation, possibly because they cannot store enough fuel for an extended hibernation (30).
Although not widely appreciated, it has been documented that mice can enter torpor when there is a quiet environment, reduced food availability, and a low ambient temperature (reviewed in ref. 26) . During deep torpor, mice will maintain their T b at 1-2°C above ambient, down to a minimum T b of 16-19°C (31) . Because of plentiful food and adequate room temperatures, deep torpor infrequently is seen in laboratory mice and recognized even more rarely.
The ob͞ob mice are an exception, entering deep torpor upon fasting and occasionally entering torpor even when well-fed and housed at room temperature (27, 29) . We found that leptin treatment had no effect on the 4°C drop that occurs with fasting in wild-type mice. In contrast, leptin replacement in ob͞ob mice not only prevented the deep torpor, but also the modest 4°C fall. These data demonstrate that leptin plus large energy stores (i.e., leptin-treated ob͞ob mice) prevents both deep torpor and the modest hypothermic state.
Low leptin levels signal low energy stores (6, 16) and the role of leptin in regulating daily torpor has been examined in a few cases (32) . The marsupial Sminthopsis macroura undergoes significant daily torpor, with an Ϸ80% reduction in metabolic rate and a 15°C fall in T b . Leptin treatment decreased the duration and lessened the drop in T b (33) . Leptin treatment of rat pups increased T b during their shallow daily torpor by Ϸ1°C (34). In mice, leptin increased the T b of ob͞ob mice housed at room temperature (35) . Here we show that leptin also prevents torpor in ob͞ob mice. These results demonstrate that leptin has a role in regulating T b and torpor in a variety of model systems.
Both A-ZIP͞F-1 and ob͞ob mice have low leptin levels, but in A-ZIP͞F-1 mice, unlike ob͞ob animals, leptin treatment did not prevent torpor. This finding suggests that there are at least two signals for entry into torpor, one of which is a low leptin level. There are a number of possible mechanisms for a second signal. Adipose tissue could supply a signal(s), besides leptin, that prevents torpor. Another possibility is that a nonadipose hormonal regulator of metabolism, responding to the fasting state, induces torpor. This role has been ruled out for thyroid hormone, the most significant regulator of basal metabolic rate. Similarly, treatment with a ␤3 agonist did not prevent torpor. Finally, direct sensing of dwindling energy reserves, for example in the hypothalamus, could be the leptin-independent signal. In support of this hypothesis, 2-deoxyglucose, an inhibitor of glucose utilization, induces torpor, particularly when given intra- cerebrally (36) . Both A-ZIP͞F-1 and control mice entered torpor after systemic injection of 2-deoxyglucose (unpublished observations). We favor the idea that depletion of central energy stores is the second signal, but further experiments are needed to confirm this hypothesis.
Torpor in Humans. Maintaining T b is easier for humans than for mice. However, there are at least three situations in which humans enter a torpor-like state. After the 1985 Mexico City earthquake, six surviving newborns were rescued after being trapped for 6-8 days (see ref. 37 ). Contemporary speculation was that these survivors had entered a ''hibernation-like'' state. Another example is the survival of children submerged in cold water. In an extreme case, a child who was immersed for 66 min recovered with mild neurologic deficit (38) . Survival in this situation requires two conditions, the diving response and core hypothermia from surface cooling (39) .
A third torpor-like condition in humans is the hypothermic and hypometabolic state induced clinically for some types of surgery (40) . Understanding of torpor in mice could apply to improving the establishment and management of surgical hypothermia. For example, blocking leptin action preoperatively might facilitate both cooling (by reducing the body's ability and͞or drive to fight hypothermia) and tissue preservation (by adapting tissues to a lower metabolic rate). Another possibility is selective ␤3-adrenergic agonist treatment (41) to aid recovery from hypothermia.
In summary, our observation that fat-deficient mice enter deep torpor during fasting has allowed us to dissect the mechanisms that regulate torpor in mice and to determine that a low leptin is not the sole signal to enter torpor. These investigations provide insight into the mechanisms underlying torpor-like states in rodents and humans.
